Introduction
Potassium is an essential macronutrient for plants, and is involved in many and important physiological processes. Growth is one of the processes where K + has one of the most important roles. Rapid cell expansion relies on the high mobility of K + , which acts as an osmoticum, to drive growth, a role that can be substituted by a few other inorganic ions. When cell expansion is over, less mobile osmotica such as sugars, organic acids and compatible solutes are accumulated . K + is also important for enzyme activation, movements, charge neutralization, transcription and post-translational modification (Maathuis 2009) , having a great impact on cell metabolism (Amtmann and Armengaud 2009) . It also plays an important role in transport of solutes through the phloem. For example, it is required for sucrose movement from shoot to root and to the sink tissues such as fruits (White and Karley 2010) . Increasing K + increases photosynthesis, and more effective translocation of photoassimilates and amino N compounds into reproductive organs via phloem. On the other hand, K + deficiency leads to a decline in photosynthesis due to sucrose accumulation in leaves (Mengel et al. 2001 , Deeken et al. 2002 , Hermans et al. 2006 , White and Karley 2010 . Therefore, K + has a great impact on fruit quality (Römheld and Kirkby 2010) and consequently on crop productivity. It also plays a role in stress signaling (Römheld and Kirkby 2010, Wang and Wu 2010) , as K + deficiency induces reactive oxygen species (ROS) and jasmonic acid (JA), involved in tolerance to diseases and pests, as well as ethylene and auxin production. Therefore, optimization of K + nutritional status is important to reduce the negative effects of stress conditions, not only abiotic but also biotic stresses (Amtmann et al. 2008 , Troufflard et al. 2010 .
Global K + consumption has increased 4.4% per year from 1999 to 2005 and it was predicted to have increased by 12% in the last decade. Although there are K + reserves for thousands of years of agriculture, profitable production, especially in marginal lands, relies on the increase in the efficient use of K + and other nutrients. It is generally accepted that the typical K + concentration in soils varies between 0.1 and 1 mM (Maathuis 2009 ). However, large areas of cultivated land are K + deficient (Rengel and Damon 2008, Römheld and Kirkby 2010) . In addition, inadequate nutrient recycling leads to nutrient deficiency, especially of K + because nitrogen and phosphorus are added as fertilizers to the same level as they are removed by crops, but the same is not true for K + . Nutrient deficiencies appear worldwide, and in developing countries fertilizers may not be affordable. In developed countries, the increase in the cost of fertilizers and the need to reduce environmental damage because of abusive fertilizer inputs lead to the use of more efficient cultivars and genotypes for sustainable, low-input agriculture. In addition, developed countries pay a lot of attention to the use of crop residues as biofuels instead of recycling them to the soil (Römheld and Kirkby 2010) .
Environmental conditions have an important effect on K + nutrition. Abiotic stresses, that will be exacerbated in the future due to global warming, negatively affect K + nutrition (Römheld and Kirkby 2010, Nieves-Cordones et al. 2011) . Among these stresses, salt stress is one of the most important. Salt stress is composed of two main effects: the osmotic and the ionic effect. The latter involves toxicity because of high concentrations of Cl À and Na + . Most importantly, Na + has been shown to induce K + deficiency (Botella et al. 1997 , Kronzucker et al. 2008 , Alemán et al. 2009a ) and an increase in K + in the soil can be used to ameliorate Na + toxicity (J. S. Rubio et al. 2010) . Therefore, to increase crop salt tolerance, it is important not only to reduce Na + accumulation within plant tissues, but also to increase the K + /Na + ratio (Shabala and Cuin 2008, J. S. Rubio et al. 2010) . This increase in the ratio coupled to a high K + nutritional status is beneficial for plant growth under salinity.
This review is focused on the recent findings on the molecular entities involved in K + acquisition at the plant root with special emphasis on the model plant Arabidopsis thaliana. Since the identification of the first two plant K + uptake systems in 1992 (Anderson et al. 1992 , Sentenac et al. 1992 ) a large number of plant genes for K + transport have been identified (Maser et al. 2001 , Ward et al. 2009 . A clear demonstration of the physiological role of two of them, HAK5 (or HAK1, for other species) and AKT1, in root K + uptake has only been possible with studies performed in the model plant Arabidopsis, which are described in the following sections.
Root K + absorption
Potassium acquisition from the soil solution takes place through epidermal and cortical cells of the roots. The lipid bilayer of cell membranes is not permeable to ions, water and most of the polar molecules, and K + enters the root symplast through K + -specific transport proteins located in the membrane.
The kinetics of root K + uptake were described >40 years ago in barley (Epstein et al. 1963) . K + uptake exhibited biphasic kinetics in response to increasing external K + concentrations with a high-and a low-affinity component. Considering energetic limitations, it has been traditionally proposed that high-affinity K + uptake is an active process mediated by H + /K + symporters, and low-affinity, passive uptake is mediated by channels (Maathuis and Sanders 1996, Rodríguez-Navarro 2000) .
Identification of root K
+ uptake systems
The identification of the molecular entities that mediate K + uptake began with the functional expression of plant cDNAs in heterologous systems such as yeast, Xenopus laevis oocytes or insect cells (Sentenac et al. 1992 , Schachtman and Schroeder 1994 , Santa-María et al. 1997 , Zimmermann et al. 1998 ).
The contribution of each of these transport systems to root K + uptake was established from indirect evidence. The expression pattern of their encoding genes, their tissue and intracellular localization and their K + transport properties in heterologous systems, together with the data on cytoplasmic K + concentrations and membrane potentials of epidermal and cortical root cells, allowed a general model for their function to be depicted. According to this model, low-affinity K + uptake could be mediated by inward-rectifier Shaker K + channels such as the Arabidopsis AKT1, whose gene is expressed mainly in root epidermal cells (Lagarde et al. 1996) . These types of channels mediate sustained K + uptake compatible with low-affinity K + uptake and are sufficient to promote plant growth ). High-affinity K + uptake could be mediated by transporters of the TRK-HKT family such as the wheat TaHKT1 (Schachtman and Schroeder 1994) or the KT/HAK/KUP family such as the barley HvHAK1 (Santa-María et al. 1997) . The physiological relevance of TRK-HKT transporters for high-affinity root K + uptake is not yet clear. Some HKT transporters, such as TaHKT1, mediate high-affinity Na + -coupled K + -uptake (Rubio et al. 1995) and are expressed in the root (Schachtman and Schroeder 1994 ), but such a transport mechanism has not yet been demonstrated in higher plants . In contrast, high-affinity Na + uptake may occur in most plant land plants, and it is probably mediated by HKT transporters in rice and species in the Triticeae and Aveneae tribes of the Poaceae family (Haro et al. 2010) . The only HKT transporter of Arabidopsis, AtHKT1 (Uozumi et al. 2000) , is related to both the control of Na + accumulation in the root and retrieval of Na + from the xylem (Sunarpi et al. 2005 , Davenport et al. 2007 ). On the other hand, HAK1-type transporters of the KT/HAK/KUP family show high affinity for K + , low discrimination between K + and Rb + , inhibition by NH + 4 , and they are encoded by genes that are induced in roots upon K + starvation (Rodríguez-Navarro and Rubio 2006). All these characteristics are in agreement with the high-affinity K + uptake observed in plant roots (Epstein et al. 1963, Glass and Dunlop 1978) , which strongly suggests that HAK1-type transporters are major contributors to high-affinity K + uptake. Their transport mechanism has not been fully demonstrated yet, but it is probably the same as the predicted K + -H + symporter mediating high-affinity K + uptake, as has been shown for the homologous NcHAK1 of Neurospora crassa (Rodriguez-Navarro et al. 1986 , Haro et al. 1999 . Importantly, high-affinity K + uptake coupled to H + has been described in Arabidopsis root protoplasts (Maathuis and Sanders 1994a) and in barley roots .
Transcriptional regulation of root K + transport systems
The expression of AKT1 does not respond to the external supply of K + (Lagarde et al. 1996 , Pilot et al. 2003 . However, K + withdrawal from the growth solution increased the expression of the homologous TaAKT1 from wheat (Buschmann et al. 2000) . Interestingly, NaCl treatment reduced AKT1 expression in a long-term study (Kaddour et al. 2009 ), while others reported no change with shorter NaCl treatments (Maathuis et al. 2003 , Pilot et al. 2003 . In addition, changes in AKT1 expression when plants are treated with hormones have been described (Pilot et al. 2003) . Exposure to the cytokinin benzyladenine and to the synthetic auxin 2,4 D decreased the expression levels of AKT1 and its regulatory subunit AtKC1. However, the study showed that the AKT1 transcript was the least sensitive to the tested hormones, and SKOR, which is identified as an outward-rectifying K + channel in Arabidopsis, was the most sensitive among the Shaker channels studied, suggesting that the transcriptional modulation of AKT1 is not important for its regulation.
In contrast to AKT1, the changes in expression of HAK1-type genes by the external supply of K + constitute an important part of their regulation. K + starvation greatly increases the mRNA levels of HAK1-type genes (Santa-María et al. 1997 , Wang et al. 2002 , Ahn et al. 2004 , Armengaud et al. 2004 , Martínez-Cordero et al. 2004 , Gierth et al. 2005 , Nieves-Cordones et al. 2007 , Alemán et al. 2009b ) and K + resupply rapidly reduces the amount of their mRNA (Ahn et al. 2004 , Armengaud et al. 2004 , Nieves-Cordones et al. 2008 . Because of the distinct response of the HAK1-type genes to K + , they have been suggested to be useful tools for the study of K + sensing at the root level .
Many studies have further deepened our knowledge of the regulation of HAK1-type genes, showing a much more complex regulation than expected (Fig. 1) . Apoplastic K + concentration and membrane potential have been proposed to be the first steps in the signaling pathway for acclimation to low K + . This is because external K + concentrations have a relatively small influence on cytoplasmic K + concentrations, which are efficiently buffered by vacuolar K + through accumulation or release processes through the tonoplast , Walker et al. 1998 sensing. The hyperpolarized plasma membrane activates AtHAK5 expression. In addition, low K + triggers an ethylene-ROS signal that leads to AtHAK5 induction. Low K + also triggers a Ca 2+ signal, probably through the activation of plasma membrane and endomembrane Ca 2+ channels, that leads to activation of AKT1 through the CBL1-CIPK23 complex. AKT1 function is activated by CIPK23-mediated phosphorylation and inactivated by AIP1-mediated dephosphorylation. AKT1 activity is also regulated by interaction with the AtKC1 subunit and the syntaxin SYP121.
hyperpolarized the membrane potential, increased LeHAK5 mRNA levels. The presence of Na + in K + -starved plants depolarized the plasma membrane potential and repressed LeHAK5. In addition, short-term exposure of K + -starved roots to depolarizing agents such as CCCP or vanadate decreased LeHAK5 expression. Further results support the idea that the membrane potential may be regulating the expression of HAK1-type genes. Arabidopsis akt1 knock-out lines show hyperpolarization of root cells (Spalding et al. 1999 ) and AtHAK5 up-regulation (Qi et al. 2008 , Rubio et al. 2008 . NO À 3 deprivation has been shown to hyperpolarize root membrane potentials (Meharg and Blatt 1995) and to produce an increase in AtHAK5 mRNA levels (Shin et al. 2005) . Moreover, NO À 3 addition to NO À 3 -deprived plants depolarizes the root membrane potential (Glass et al. 1992, Meharg and Blatt 1995) and represses LeHAK5 expression (Wang et al. 2001) . Furthermore, Pi (Shin et al. 2005) or Mn (Wei Yang et al. 2008 ) deprivation also increase AtHAK5 expression. All of the above suggest that HAK1-type genes respond to a general nutrient deprivation. It is possible that the signal cascades involved in the response to the low availability of a nutrient share some of their elements, an attractive hypothesis that needs to be further investigated (Schachtman and Shin 2007) .
Adding more complexity to the regulation of HAK1-type genes, it has been shown that the addition of some metabolites, such as sucrose, increases root AtHAK5 expression in the dark but much less in the light (Lejay et al. 2008) , suggesting a role for photosynthesis in its regulation.
Finding a physiological explanation for the induction of HAK1 genes by conditions not related to K + deficiency, such as NO À 3 or Pi deprivation or sucrose addition, is difficult at present. It can be speculated that the important role of K + in maintaining xylem and phloem function and therefore in the movement of nutrients and photoassimilates within the plant (Marschner 1995, White and Karley 2010) is behind this apparent cross-talk. Remarkably, it has recently been shown that the Shaker K + channel AKT2, mainly expressed in the phloem tissue, switches on a 'potassium battery' that efficiently assists the plasma membrane H + -ATPase in energizing transmembrane transport processes (Gajdanowicz et al. 2011 ). K + gradients are proposed to serve as decentralized energy storage in this study, which could bring together photosynthesis and transport of photoassimilates with K + homeostasis and AtHAK5 expression.
Another important factor affecting the expression of these genes seems to be the presence of salinity because, as stated above, high Na + concentrations depolarize the plasma membrane potential and repress HAK1-type gene expression. This was illustrated by the decrease of LeHAK5 + in the presence of Na + . Importantly, salinity decreased the levels of ThHAK5 mRNA in the close relative of Arabidopsis, Tellungiella halophila, to a lesser extent than those of AtHAK5 transcripts in the glycophyte. Interestingly, it has been described that root cells of T. halophila maintain a more negative membrane potential than Arabidopsis after a 100 mM NaCl treatment . Other examples of differential gene regulation between salt-sensitive and salt-tolerant species have been described. In the halophyte Messembryanthemum crystallinum, HAK genes of group II are expressed and some are up-regulated in the presence of salinity (Su et al. 2002) . The SOS1 gene, encoding a plasma membrane Na + -H + antiporter, is more strongly induced by salt in shoots and expressed to a higher degree in unstressed roots of T. halophila than in Arabidopsis (Kant et al. 2006 ). Therefore, a difference between salt-sensitive and salt-tolerant species may reside in the differential regulation of the genes encoding K + or Na + transporters and channels, key players in K + /Na + homeostasis and plant salt tolerance. In addition, differences in protein functionality also occur, as has been observed for ion channels of T. halophila and Arabidopsis Amtmann 2006, Wang et al. 2006) .
In addition to the membrane potential, important elements of the regulation of HAK1-type genes are ROS and hormones. ROS and ethylene increase when plants are deprived of K + , ethylene acting upstream of ROS production Schachtman 2004, Jung et al. 2009 ). In parallel, AtHAK5 expression has been shown to be dependent on ethylene and ROS signaling because mutants affected in ethylene or ROS pathways, such as the ethylene insensitive2-1 mutant (ein2-1) or an NADPH oxidase null mutant (rhd2), showed altered AtHAK5 expression patterns. In addition, ethylene-or EIN2-independent pathways may also be controlling AtAHK5 expression, and the role of ROS in low K + signaling seems to be mediated by the RCI3A peroxidase (Kim et al. 2010) . Interestingly, as well as K + , N and Pi deprivation have been shown to increase H 2 O 2 (Shin et al. 2005) , suggesting that ROS, together with membrane potential, may be one of the common pieces in the signaling cascades of low nutrient sensing. JA may also be participating in low K + sensing as up-regulation of the genes controlling the first three steps of JA biosynthesis has been observed in K + -deprived plants (Armengaud et al. 2004 ).
Post-transcriptional regulation of root K + transport systems
The only report in which the regulation of HAK1-type transporters at the protein level was discussed revealed that the HvHAK1-mediated Rb + uptake in Saccharomyces cerevisiae was modulated by the yeast HAL4/5 kinases and the PPZ1 phosphatase (Fulgenzi et al. 2008) . Both types of enzymes seemed to regulate HvHAK1 activity negatively in K + -starved yeast cells. Intriguingly, S. cerevisiae does not have homologs of the HAK K + transporters, and the observed regulation has to be further clarified.
The major regulation of AKT1 is at the protein level (Fig. 1) . By analyzing Arabidopsis mutants sensitive to low K + stress, the protein kinase CIPK23 (for CBL-Interacting Protein Kinase 23) was found to be required for the activation of AKT1 (Xu et al. 2006) . Furthermore, two calcineurin B-like proteins, CBL1 and CBL9, interact with and activate CIPK23. Activation of the CBLs depends on Ca 2+ , as demonstrated by patch-clamp recordings (Li et al. 2006) , suggesting that low K + triggers a Ca 2+ signal at the root level that leads to AKT1 activation (Luan et al. 2009 ). Additionally, the Arabidopsis mutant cipk23 also exhibits an impaired growth phenotype at low K + concentrations in the presence of NH + 4 (Cheong et al. 2007) , demonstrating the importance of this signaling pathway in K + nutrition. Furthermore a 2C-type protein phosphatase AIP1 physically interacts with and inactivates AKT1 (Lee et al. 2007) .
Because functional Shaker channels are formed by tetramers, AKT1 activity may also be regulated by interaction with other a-subunits, giving rise to heterotetrameric proteins which increase the diversity of their function (Very and Sentenac 2003, Lebaudy et al. 2007 ). In particular, AKT1 is regulated by AtKC1, whose gene is strongly expressed in roots (Reintanz et al. 2002) , and up-regulated by K + starvation and by salt stress in the shoots (Pilot et al. 2003) . When AtKC1 is co-expressed with AKT1 in heterologous systems, a shift in the activation threshold towards more negative values is observed (Duby et al. 2008 , Geiger et al. 2009 ), probably preventing AKT1 from mediating K + efflux. Recently, it has been shown that AtKC1 forms a ternary complex with AKT1 and the syntaxin SYP121. syp121 mutants show a phenotype that resembles that of akt1 mutants, demonstrating the importance of SYP121 for AKT1 function, probably by promoting gating of the channel (Honsbein et al. 2009 ).
Physiological relevance of AtHAK5 and AtAKT1
As mentioned above, the physiological relevance of HAK1-type transporters and AKT1-type channels in root K + uptake was first established by indirect evidence. A clear demonstration of their relative contribution to K + uptake has recently been possible by employing T-DNA insertion mutants and selective inhibitors in the model plant Arabidopsis (Hirsch et al. 1998 , Spalding et al. 1999 , Gierth et al. 2005 , Qi et al. 2008 , Rubio et al. 2008 , Nieves-Cordones et al. 2010 , Pyo et al. 2010 , Rubio et al. 2010a ). The complete sequencing of the Arabidopsis genome, the highly efficient methods of Agrobacterium-mediated transformation together with the short life cycle of Arabidopsis have enabled multiple approaches to study gene function. Public libraries of T-DNA insertion lines for most genes are now available (Alonso et al. 2003) and characterization of these lines has become one of the standards in studying the role of a gene in plant physiology.
The studies with T-DNA insertion lines show that AtHAK5 is the only system mediating K + uptake at external concentrations <10 mM (Qi et al. 2008 , Nieves-Cordones et al. 2010 , Rubio et al. 2010b (Fig. 2) . Thus, it is likely that AtHAK5 mediates the K + /H + symport suggested by in vivo measurements (Maathuis and Sanders 1994b) . At higher concentrations, K + uptake also takes place through AKT1, and between 10 and 200 mM both AtHAK5 and AKT1 systems contribute to K + acquisition (Rubio et al. 2010a ). In fact, it has been reported that the athak5 line does not show a growth-deficient phenotype in agar plates containing 30 mM K + (Pyo et al. 2010), suggesting that the lack of AtHAK5 may be fully compensated by AKT1. That a channel mediates K + uptake at such low concentrations may be surprising; however, the recorded membrane potentials in root cells are sufficiently negative to + acquisition in A. thaliana roots. AtHAK5 is the only system mediating K + uptake at external concentrations <10 mM, probably by a K + -H + symporter. At higher concentrations, K + uptake also takes place through the AKT1 channel, and between 10 and 200 mM both the AtHAK5 and AKT1 systems contribute to K + acquisition. At external concentrations >500 mM, AKT1 is the only system mediating K + uptake. AtHAK5 mediates the NH allow this process (Spalding et al. 1999) . At external concentrations >500 mM, AtHAK5 is not relevant and the contribution of AKT1 to K + uptake becomes more important. Thus, the atakt1 line grows at a lower rate than the wild type and the athak5 line at a similar rate to the wild type at 500 mM external K + (Rubio et al. 2010a) .
The definitive demonstration of the aforementioned results was obtained by studying a double mutant athak5, atakt1 (Pyo et al. 2010 , Rubio et al. 2010a ). This double mutant displayed no Rb + uptake at concentrations <100 mM, demonstrating that AtHAK5 and AKT1 were the only systems operating in the high-affinity range of concentrations. Similar results were obtained when one of these two systems was impaired either by selective inhibitors or by gene disruption, confirming that AtHAK5 and AKT1 mediated the NH + 4 -and Ba 2+ sensitive components of K + uptake, respectively (Spalding et al. 1999 , Santa-María et al. 2000 , Rubio et al. 2008 , Rubio et al. 2010a ). These two inhibitors may be used in other plant species, where mutants are not available, to study the contribution to K + uptake of AtHAK5 and AtAKT1 homologs (Nieves-Cordones et al. 2007 , Rubio et al. 2010b .
Above 100 mM K + , other as yet unidentified systems seem to be involved in K + uptake in the athak5, atakt1 plants. This uptake is not sufficient at 0.5 mM K + , because athak5, atakt1 plants displayed lower K + uptake, biomass and internal K + concentrations than wild-type plants. Since only the plants possessing functional AKT1 were similar to wild-type plants, it could be deduced that AKT1 is the most important system at this concentration. At 10 mM K + , the unidentified systems provided sufficient K + uptake because no deficient phenotype was observed in athak5, atakt1 double mutants (Rubio et al. 2010a) .
Candidate systems that could mediate the K + uptake observed in the athak5, atakt1 double mutants could belong to the CHX family (Zhao et al. 2008) , the non-selective channel regulated by the cyclic nucleotide-gated channels (CNGCs) family (Li et al. 2005 , Demidchik and Maathuis 2007 , Kaplan et al. 2007 or to the glutamate receptor-like channel family (GLR) (Dietrich et al. 2010, White and Karley 2010) .
Within the CHX family, AtCHX13 has been suggested as a possible pathway for root K + uptake because of its low K m for K + (136 mM) when functionally expressed in yeast (Zhao et al. 2008) . However, its high sensitivity to Cs + and Na + makes the important contribution of AtCHX13 to K + acquisition unlikely, because root K + uptake does not show such a high sensitivity to those inhibitors (Rubio et al. 2010b ). In addition, a K + uptake system with a 136 mM K m for K + is not observed in the athak5, atakt1 double mutant (Rubio et al. 2010a) , and AtCHX13 expression in roots is restricted to the root tip under low K + conditions, which makes it difficult to reconcile with root K + uptake allowing growth of the athak5, atakt1 mutant at high external K + . With regard to CNGCs, AtCNGC10 transports both K + and Na + and partially rescues an Arabidopsis akt1 mutant line (Kaplan et al. 2007) . Results obtained with antisense lines of this channel, which displayed lower AtCNGC10 expression than wild-type plants, indicated a role in Na + /K + homeostasis in roots (Guo et al. 2008) . Similar results were obtained for AtCNGC3. A null mutation in this channel altered both short-term Na + influx and K + uptake at high external K + conditions, also suggesting a role in non-selective monovalent cation uptake at the plasma membrane level (Gobert et al. 2006) .
Finally, GLR channels could also be considered for root K + uptake since several members are expressed in the roots and, together with CNGCs, are thought to constitute voltage-independent cation channels in planta (White and Karley 2010) . GLRs allow, like CNGCs, non-selective transport of ions, including K + , into root cells. However, cytosolic Ca 2+ homeostasis and signaling seem to be the major roles of these channels (Demidchik and Maathuis 2007) .
Future perspectives
According to the above, more efforts are needed to increase the K + uptake capacities of crops. One way to obtain plants with improved traits related to K + uptake is to exploit natural variability. Responses to environmental conditions depend on numerous genes and are typically controlled by quantitative trait loci (QTLs). The identification of variants with improved stress responses and/or vigor requires phenotypic/genetic screenings capable of distinguishing between plants with different behavior. Many examples can be found in the literature regarding K + homeostasis, especially under salt stress, and natural variants with improved performance (Zhu 2001 , Ren 2005 , Huang et al. 2006 , Rus et al. 2006 , Byrt et al. 2007 , Alemán et al. 2009b ). Nevertheless, genome sequencing of natural accessions will reveal sequence variability and will permit a faster and easier identification of new interesting varieties.
On the other hand, recent advances in the identification of molecular entities involved in K + uptake and its regulation, like those described in the present review, have opened up a new group of biotechnological targets to be considered. Now it is possible to modify the entity of interest directly in a manner that improves plant responses. This concept can be put into practice by following two strategies: (i) altering the amount of the protein (quantity) or (ii) improving its activity (quality). As regards the first strategy, transformation of plants with a modified promoter sequence upstream of the gene of interest would allow changes in the mRNA pool. Strong constitutive promoters could be used, but cell-specific inducible promoters may be more efficient. The latter provided better results than constitutive overexpression when used with AtHKT1 and salt tolerance in Arabidopsis (Moller et al. 2009 ). Different gene regulation of tolerant counterparts could also provide an alternative to drive gene expression with fewer side effects. The different expression patterns of the genes encoding the HAK5 transporter of A. thaliana and T. halophila provide an example (Alemán et al. 2009b) .
With respect to the second strategy, selection of mutated versions of the transporter with better features (low sensitivity to inhibitors or higher uptake capacity) could be carried out in heterologous systems such as yeast, plant protoplasts or Xenopus oocytes before assaying them in the plant. This could be done in combination with the first strategy as well. Improved versions of different K + transport systems have already been obtained for AtHAK5 , HvHAK1 ), TaHKT1 (Rubio et al. 1995 , Rubio et al. 1999 ) and HAK1-type transporters of Physcomitrella patens (Garciadeblas et al. 2007 ) that could yield interesting results in planta.
Finally, modification of regulatory proteins could also provide improvements regarding protein activity. Enhanced K + uptake via AKT1 was achieved after overexpression of members of the CIPK-CBL pathway that regulates its transport capacity (Xu et al. 2006) . By using these and/or other strategies, it is tempting to expect that biotechnological approaches could give a boost to crop yield in the forthcoming years and therefore help to compensate for climate change damages. 
Funding

